Vibration free cooling of detectors to cryogenic temperatures is critical for many terrestrial, airborne, and space based instruments. Cooling of solids by anti Stokes fluorescence is an emerging refrigeration technology that is inherently vibration free and compact, and enables cooling of small loads to cryogenic temperatures. In this Highlight, advances in laser cooling of solids are discussed with a particular focus on the recent breakthrough laser cooling of Yb 3+ doped YLiF 4 crystals to 114 K. The importance of the material structure, composition, and purity of laser cooling materials and their influence on the optical refrigerator device performance is emphasized.
Introduction
Semiconductors nd widespread use as sensors for both infrared (IR) light and ionizing radiation in many important applications. For example, HgCdTe and InSb are commonly used for the detection of long-(8-12 mm) and mid-wave (3-5 mm)
IR light, 1 respectively, and high-purity germanium (HPGe) is used for high-resolution gamma-ray spectroscopy.
2 These materials are characterized by small bandgaps, E g (0.15 eV for HgCdTe, 0.23 eV for InSb, and 0.73 eV for Ge), making thermal excitation of an electron from the valence band to the conduction band a likely process at ambient temperatures. The respective dark current creates electrical (thermal) noise that degrades the performance of the detector. The magnitude of the thermal noise is proportional to exp( E g /2kT), and it can be sufficiently reduced by cooling the detector element to cryogenic temperatures (<120 K). 3 Cryogenic refrigeration is particularly challenging for many of the important portable, airborne, and space-based detector systems. Liquid cryogens are usually impractical on long-duration and weight-constrained missions, and thermo-electric (TEC) coolers are unsuited for many applications because they are limited to temperatures of $175 K. This currently leaves mechanical coolers (e.g. Stirling, pulse tube, or reverse Brayton refrigerators) as the only available cryogenic technologies. Mechanical coolers however impart microphonic noise to the detector. Even in liquid-cryogencooled devices, microphonics can arise from the bubbling of the cryogen. In gamma-ray spectrometers, these vibrations cause capacitive changes in the electrical connections between the HPGe and the pre-amplier that degrade the signal resolution, 4 and in optical cameras they cause the image to blur. 5 Despite signicant progress in damping compressor vibrations 5 and in digitally ltering detector signals, 6 microphonics remains the major factor limiting detector resolution. This has fueled research into cryogenic cooling technologies that are free of vibrations.
Solid-state optical refrigeration is one of the most promising vibration-free cooling technologies. It is based on the process of anti-Stokes uorescence (Fig. 1 ) in which a material emits light at wavelengthl f aer being excited by a laser at slightly longer wavelength l p . The respective energy difference is made up by the absorption of thermal energy from the material, thus cooling the solid. This cooling cycle is an all-optical process and is therefore inherently free of mechanical vibrations. Solid-state optical refrigeration has made tremendous progress since its rst experimental demonstration by Epstein et al. in 1995. 7 A recent demonstration of a dramatic enhancement of the cooling efficiency in an ytterbium-doped uoride crystal (YLiF 4 :Yb 3+ ) 8 by Sheik-Bahae's group led to cooling of this material to 114 K starting from room temperature. 9 This advance has put solidstate optical refrigeration within the cryogenic temperature range (dened as <123 K by the National Institute of Standards and Technology, NIST). In this Highlight article, we review the latest results in this eld and show that solid-state optical refrigeration is poised to enable the next generation of cryogenic refrigerators.
Optical refrigeration of solids
Consider a transparent solid doped with activator ions that have an electronic ground state and electronic excited state, each split into a number of sub-levels by the crystal eld (see Fig. 1 ). Excitation of this system at energy E p ¼ hc/l p is rst followed by thermalization of the population among the crystal-eld levels of the excited state. This process occurs via electron-phonon interactions on a picosecond time scale, and it establishes a Boltzmann equilibrium population in the excited state manifold among the ensemble of activator ions that is determined by the crystal-eld splitting and the sample temperature. The excited state can subsequently decay by radiative relaxation, and the resulting luminescence spectrum consists of the numerous crystal-eld transitions between the excited and the groundstate multiplets. The mean energy of the emitted photons, E f ¼ hc/l f , depends on the system temperature as well as the crystal-eld splitting and oscillator strengths in the given material. If the system is excited at E p <Ẽ f (regime of anti-Stokes uorescence), then the energy difference DE ¼Ẽ f E p required to establish thermal equilibrium has to be supplied by the thermally excited phonon bath of the solid. For each excitation/ emission cycle, thermal energy in the amount of DE is extracted from the solid and carried away as light, thus cooling the solid in the process. This cooling cycle was rst proposed by Pringsheim in 1929, 10 and later work by Landau showed that it does not violate the second law of thermodynamics if the entropy of the light is considered as well. 11 The cooling process converts low entropy laser light into higher entropy uorescence in a cycle that is essentially a laser running in reverse. The cooling efficiency of this ideal case is given by
Numerous parasitic processes can degrade this ideal cooling efficiency. They include non-radiative decay of the activator excited state, energy transfer to impurities that decay nonradiatively, and direct excitation of impurities that decay nonradiatively. One of the key objectives in creating a laser-cooling material is to minimize all non-radiative processes that cause parasitic heating.
Rare-earth ions have proven to be particularly suited as activator ions for solid-state laser cooling. Excitation and luminescence in rare-earth ions is primarily due to transitions between the electronic states of the respective 4f conguration. 12 The 4f electrons are shielded quite effectively from the effects of the surrounding charges in a solid by the outer 5s and 5p orbitals, which reduces electron-phonon coupling and leads to spectrally narrow transitions and high quantum efficiency for many of the 4f excited states. The Yb 3+ ion has gained particular attention for laser cooling because, unlike most other rare-earth ions, it has only one excited state, In parallel to advances in laser cooling in rare-earth doped materials, optical refrigeration in semiconductors has been extensively investigated. 14 18 Net cooling in bulk semiconductors (GaAs heterostructures) has been elusive primarily due to a large parasitic background absorption. In a surprising development, however, Xiong's group at Nanyang Technological University (Singapore) recently reported laser cooling of bare CdS nanostructures (nanobelts) by 40 K. 19 Further investigation into understanding and advancing this work towards cryogenic temperatures and scaling to larger structures promises to be highly rewarding.
Design and fabrication of laser-cooling materials
It is instructional to take a closer and more formal look at the various factors that determine the laser-cooling efficiency and thus the ultimate temperature that can be achieved by a solidstate optical refrigerator. Sheik-Bahae and Epstein performed a rate-equation analysis of the energy-level scheme shown in Fig. 1 and found that the laser cooling efficiency is given by 13, 20 
where h c > 0 indicates net cooling and h c < 0 indicates net heating of the system. In eqn (1), h ext is the external quantum efficiency h ext ¼ h e W r /(h e W r + W nr ), where h e is the efficiency with which the uorescence can be extracted from the sample, and W r and W nr are the radiative and non-radiative decay rates of the excited state, respectively. Furthermore in eqn (1), the absorption efficiency is a measure of how much of the total absorbed power at l p is absorbed by Yb 3+ (rather than by impurities) i.e.
Here, a r is the "resonant" absorption coefficient of Yb 3+ for the transition that starts the cooling cycle, and a b is the background absorption coefficient induced by impurities or defects present in the material. Effects of saturation have been ignored. 13 In this model, impurities can induce non-radiative quenching of the Yb 3+ excited state (W nr > 0) and cause direct absorption of pump light (a b > 0). Both of these processes produce parasitic internal heating and thus degrade the cooling efficiency.
As the temperature of the cooling element decreases to cryogenic temperatures, additional cooling becomes increasingly challenging for two reasons.
13 First, the mean uorescence wavelengthl f red-shis with decreasing temperature because higher-energy crystal-eld levels in the excited state become depopulated (see Fig. 1 ). As a result, the corresponding ratio l p /l f (T) in eqn (1) approaches unity, thus decreasing h c . Second, the resonant absorption coefficient a r at l p decreases exponentially with decreasing temperature because the upper crystal-eld level in the ground state becomes depopulated. In contrast, for an ytterbium-based optical refrigerator, absorption transitions of important impurities (3d transition metal ions such as Fe 2+ , Cu 2+ , Co 2+ , etc.) do not change signicantly at low temperatures, leading to an a b that remains relatively constant with temperature. This causes h abs (l p , T) to decrease dramatically as the sample cools. Combined, these two effects set a lower limit -also known as the minimum achievable temperature (MAT) 13 -for the laser-cooling temperature for a given material.
The above considerations highlight the materials chemistry and optical engineering challenges that have to be overcome in order to realize a cryogenic solid-state laser refrigerator. The challenges fall in three groups:
(1) Choice of host material: the excited state of Yb 3+ can decay non-radiatively by transferring its energy to vibrational modes of the host material. The probability of this multi-phonon relaxation decreases exponentially with the number of phonons that are created in the process. 49 and 50) ). Multiphonon relaxation of the Yb 3+ excited state is negligible in uoride crystals and glasses. Furthermore, uorides are particularly attractive because they tend to be chemically inert, which greatly facilitates material preparation and handling as well as improves long-term material reliability.
(2) Material purity: laser light absorbed by impurities does not generally lead to anti-Stokes uorescence, but rather is converted to heat. This requires the material to be free of impurities (a b / 0). Of particular concern are impurities that have optical absorptions around 1 mm (Yb 3+ absorption) such as 3d transition metal ions. These ions get excited along with Yb 3+ and cause internal heating which becomes particularly pronounced at cryogenic temperatures where h abs (l p , T) is small (eqn (2)). Hehlen et al. have recently shown that material purities of at least 99.99999% (i.e., 100 ppb) with respect to transition-metal ions are required to achieve laser cooling to cryogenic temperatures. 51 Commercial-grade starting materials do not have sufficient purity, and additional purication by solvent extraction, zone rening, or recrystallization is required for this application.
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(3) Resonant absorption: the absorption efficiency h abs can also be increased by increasing the resonant absorption, a r , by Yb 3+ . This can be accomplished by increasing the Yb 3+ doping level. Unfortunately, high doping levels oen increase energy migration among the Yb 3+ ions which leads to non-radiative quenching at impurity sites. 51 Alternatively, the absorbed power can be increased by increasing the laser path length in the sample, for example by placing the material in a non-resonant cavity in order to create a multi-pass pump geometry (see Fig. 2 ). Finally, a large improvement in a r can be achieved by using crystalline materials instead of glasses. (YLF:Yb) crystal (see Fig. 3 ). Even though h ext and a b are similar for both samples studied, the minimum achievable temperature in the YLF:Yb crystal is much lower (110 K) than in the ZBLAN:Yb 3+ glass (190 K). This is a direct result of the higher peak absorption cross section in the crystal compared to the glass. The MAT of 110 K in YLF:Yb is obtained when the pump laser is tuned to the E4 / E5 crystal-eld absorption (see Fig. 1 ). Research on solid-state optical refrigeration was originally performed on Yb 3+ -doped uoride glasses (such as ZBLAN)
because high-purity samples of these materials were commercially available in the late 1990s from the ber-optic telecommunications industry. As illustrated in Fig. 4 , steady progress was achieved in the early years with ZBLAN:Yb 3+ as many of the materials and optical engineering aspects were developed and the material approached its intrinsic laser-cooling limit. The importance of small inhomogeneous broadening for cryogenic operation, however, is a more recent insight. 8 This insight, rst implemented in uoride crystals by Bigotta et al. in 2007, 43 has ushered in a new chapter in solid-state optical refrigeration, paving the way to cryogenic temperatures. 
Cryogenic laser-cooling of Yb

3+ -doped YLiF 4 crystals
The research group of Sheik-Bahae at the University of New Mexico has been the rst to laser-cool a solid to the NISTdened cryogenic regime from room temperature.
9,53 They used 5 mol% and 10 mol% Yb 3+ -doped YLF single crystals that were grown by AC Materials Inc. using the Czochralski method. The preparation started from ultra-pure YF 3 , LiF, and YbF 3 precursors to minimize transition-metal impurities, and it also involved pretreatment of the precursors in hot HF gas to reduce oxygen impurities. The crystals had a length of 12 mm and Brewster faces cut for a parallel orientation of the laser polarization (Ẽ) with respect to the crystal unique axis (c). This crystal orientation was chosen to maximize the absorption cross section of the E4 / E5 crystal-eld transition (see Fig. 1 indicated lower parasitic heating while offering twice the resonant absorption cross section compared to the 5 mol% crystal. This is reected in the minimum achievable temperatures (MAT) that were calculated to 118 K and 93 K for the 5 mol% and 10 mol% doped crystals, respectively, based on these parameters.
9
The experimental setup is shown in Fig. 2 , and it was developed with the goal to optimize both optical and thermal device performance. The YLF:Yb crystal was placed in a Herriott cell, 56 which was formed by a highly reective at input coupler mirror and a curved (R ¼ 25 cm) back reector separated by 35 mm. 9, 53 The pump laser beam entered the non-resonant cavity though a 1-mm diameter hole in the input coupler and performed 5 round-trip passes through the crystal before unabsorbed pump light exited the input aperture to be dumped externally. A linearly-polarized single-mode ytterbium ber laser (IPG Photonics) operating at 1020 nm with a maximum power of 50 W (continuous wave) was used to excite the E4 / E5 transition of Yb 3+ in YLF (see Fig. 1 ), which has to be pumped to approach the minimum achievable temperature (see Fig. 3b ).
The pump light can be supplied through free space or an optical ber, in either case effectively isolating the optical refrigerator from any vibrations that may be present in the remote pump laser unit. When the device is in thermal equilibrium at the lowest temperature, the laser-cooling power provided by the YLF:Yb crystal matches the thermal load from the environment on the YLF:Yb crystal. For the device to approach its MAT it is therefore essential to design a cooling chamber that minimizes the heat load on the laser-cooling crystal which contains convective, conductive, and radiative contributions. The convective heat transport is effectively eliminated by creating a vacuum (10 À6 torr) inside the cooling chamber. The residual thermal transport by the air in the chamber was estimated to be $10 À7 W K À1 . 57 The heat leakage by air was small compared to the conductive heat load, which is a result of heat owing from the clamshell through the mechanical support structure into the crystal. This contribution can be reduced by minimizing the mechanical contact area between the crystal and the support structure by mounting the crystal with six optical bers (500 mm diameter; thermal conductivity $1.0 W m À1 K) protruding from the chamber walls. A residual thermal conductance of $10 À5 W K
À1
was estimated for this design. 57 By far the largest contribution to the total heat load on the laser-cooling crystal, however, was found to be radiative heat transport given by:
47,57,58
where the subscripts s and c denote the sample and chamber, respectively, c ¼ (1 3 c )3 s A s /3 c A c , 3 is the thermal emissivity, A is the area, and s is the Stefan-Boltzmann constant. Inspection of eqn (3) reveals that the radiative heat load can be minimized by tightly tting the clamshell to the shape of the YLF:Yb crystal such that A c z A s and by minimizing the thermal emissivity of the chamber walls such that 3 c < 3 s . The latter can be achieved by coating the inside surfaces with a spectrally-selective material that readily absorbs the uorescent radiation but has low emissivity at black-body wavelengths (see Fig. 2 ). 57 highlighting the dominance of radiative contribution to the heat load. A further reduction of P rad could be achieved by reducing the clamshell temperature T c , 53 for example with an external cooling stage such as a vibration-free TEC.
The coefficient of performance (COP) for a solid-state optical refrigerator is given by the ratio of cooling power and supplied wall-plug power, i.e. the product of the cooling efficiency, the laser coupling efficiency (the fraction of incident laser power absorbed by the crystal), and the pump laser wall-plug efficiency. The cooling efficiency is temperature dependent (see Fig. 3 ) and decreases from 2-5% at room temperature (typical for Yb 3+ doped crystals) to zero at the MAT. The coupling efficiency can approach 100% if the crystal is placed in a cavity geometry (see Fig. 2 ). Advanced semiconductor diode lasers can reach wall plug efficiencies as high as 75%. The COP of a solidstate optical refrigerator will therefore vary from 1.5-3.5% at room temperature to zero at the MAT in the cryogenic regime. However, if the "waste" uorescence from the sample is harvested and recycled by means of (for example) photo-voltaic convertors, it has been shown that the overall COP will only be limited by the Carnot efficiency.
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The cooling performance of a laser refrigerator using a 10 mol% Yb 3+ -doped YLF crystal is shown in Fig. 5 (3)). This lower temperature is within less than a degree from the predicted MAT of 118 K for the 5 mol% crystal, in full quantitative agreement with the laser cooling model.
Device design and material chemistry challenges
Work is underway to use this laser-refrigerator for cooling a practical load such as a semiconductor detector. 57 Simply attaching the detector to the laser-cooling crystal is impractical because it would absorb the multi-Watt Yb 3+ uorescence, rapidly heat up, and degrade the device performance. Rather, a thermal link is being developed that prevents Yb 3+ uorescence from reaching the payload while offering high thermal conductivity for the heat to ow from the payload through the thermal link to the YLF:Yb crystal where it is carried away as anti-Stokes uorescence. A solid piece of sapphire having a right-angle kink is an attractive design choice. 57 Sapphire offers high thermal conductivity, and the 90 kink rejects most of the Yb 3+ uorescence entering the link. An additional metal coating at the link endface can then be used to block any residual uorescence from reaching the attached payload. The design of the thermal link involves optimization of the optical geometry as well as careful choice of the methods and materials used to bond the various components. Another promising area for advances is the purity of the laser-cooling crystal. Melgaard et al. have conducted a recent study of transition metal impurities in YLF:Yb crystals.
57 They dissolved YLF:Yb material by boiling it in a mixture of 15 N HNO 3 and 6 N HCl in a Teon vessel for several hours, followed by a workup of the solution and trace-element analysis using a inductively-coupled plasma (ICP) mass spectrometry. Various crystals were found to contain hundreds of ppb of impurities such as Fe, Co, Ni, Cu, Cr, and V, with the Fe impurity level being the largest. Fig. 6 shows that the background absorption coefficient at 1020 nm, a b , scales with the Fe impurity concentration, providing evidence that iron impurities play an important role in inducing parasitic heating. Applying this result to the laser-cooling model developed earlier (see Section 3) leads us to predict that a reduction in transition metal impurities by 10Â from the current record-cooling samples should enable laser cooling to temperatures near 80 K (ref. 13) (see Fig. 6 , right). Patterson et al. have shown earlier that metal uorides such as ZrF 4 , BaF 2 , LaF 3 , AlF 3 , NaF, InF 3 , and YbF 3 having <100 ppb transition metal purities can be prepared using chelate-assisted solvent extraction. 52 Applying these processes to the YF 3 , LiF, and YbF 3 precursors of YLF:Yb followed by crystal growth under tightly controlled conditions may enable the next leap to sub-100 K temperatures. 
Summary and outlook
